Transposon TnS mutagenesis was used to isolate mutants of Rhodospirillum rubrum which lack uptake hydrogenase (Hup) activity. Three Tn5 insertions mapped at different positions within the same 13-kb EcoRl fragment (fragment El). Hybridization experiments revealed homology to the structural hydrogenase genes hupSLM from Rhodobacter capsulatus and hupSL from Bradyrhizobium japonicum in a 3.8-kb EcoRI-ClaI subfragment of fragment El. It is suggested that this region contains at least some of the structural genes encoding the nickel-dependent uptake hydrogenase of R. rubrum. At a distance of about 4.5 kb from the fragment homologous to hupSLM, a region with homology to a DNA fragment carrying hypDE and hoxXA from B. japonicum was identified. Stable insertion and deletion mutations were generated in vitro and introduced into R. rubrum by homogenotization. In comparison with the wild type, the resulting hup mutants showed increased nitrogenase-dependent H2 photoproduction. However, a mutation in a structural hup gene did not result in maximum H2 production rates, indicating that the capacity to recycle H2 was not completely lost. Highest H2 production rates were obtained with a mutant carrying an insertion in a nonstructural hup-specific sequence and with a deletion mutant affected in both structural and nonstructural hup genes. Thus, besides the known Hup activity, a second, previously unknown Hup activity seems to be involved in H2 recycling. A single regulatory or accessory gene might be responsible for both enzymes. In contrast to the nickel-dependent uptake hydrogenase, the second Hup activity seems to be resistant to the metal chelator EDTA.
Transposon TnS mutagenesis was used to isolate mutants of Rhodospirillum rubrum which lack uptake hydrogenase (Hup) activity. Three Tn5 insertions mapped at different positions within the same 13-kb EcoRl fragment (fragment El). Hybridization experiments revealed homology to the structural hydrogenase genes hupSLM from Rhodobacter capsulatus and hupSL from Bradyrhizobium japonicum in a 3.8-kb EcoRI-ClaI subfragment of fragment El. It is suggested that this region contains at least some of the structural genes encoding the nickel-dependent uptake hydrogenase of R. rubrum. At a distance of about 4.5 kb from the fragment homologous to hupSLM, a region with homology to a DNA fragment carrying hypDE and hoxXA from B. japonicum was identified. Stable insertion and deletion mutations were generated in vitro and introduced into R. rubrum by homogenotization. In comparison with the wild type, the resulting hup mutants showed increased nitrogenase-dependent H2 photoproduction. However, a mutation in a structural hup gene did not result in maximum H2 production rates, indicating that the capacity to recycle H2 was not completely lost. Highest H2 production rates were obtained with a mutant carrying an insertion in a nonstructural hup-specific sequence and with a deletion mutant affected in both structural and nonstructural hup genes. Thus, besides the known Hup activity, a second, previously unknown Hup activity seems to be involved in H2 recycling. A single regulatory or accessory gene might be responsible for both enzymes. In contrast to the nickel-dependent uptake hydrogenase, the second Hup activity seems to be resistant to the metal chelator EDTA.
In purple nonsulfur bacteria, H2 photoproduction from organic carbon sources is catalyzed by the nitrogenase complex and H2 consumption is mediated by a hydrogen uptake (Hup) hydrogenase. During photoheterotrophic growth with a limiting supply of bound nitrogen, the Hup hydrogenase is expressed along with the N2 fixation system. It has been suggested that the hydrogenase recycles the H2 produced by the nitrogenase and thereby decreases the rate and yield of H2 photoproduction (for a review, see reference 34).
Biochemical and physiological investigations revealed that the membrane-bound uptake hydrogenases from the purple bacteria Rhodobacter capsulatus (28) , Rhodospirillum rubrum (22) , Chromatium vinosum (31) , and Thiocapsa roseopersicina (29) belong to the family of NiFe-hydrogenases. Studies on the molecular biology of H2 oxidation in photosynthetic bacteria have been confined almost exclusively to Rhodobacter capsulatus. In this organism a 25-kb DNA region comprising 18 genes required for hydrogenase formation has been identified and completely sequenced. This region contains the structural hup genes, i.e., hupS, hupL and hupM (recently renamed hupC [35] ), encoding hydrogenase subunits, as well as regulatory and accessory genes related to the H2 oxidation system of Rhodobacter capsulatus (7) . According to a recent classification of at least 30 hydrogenases so far sequenced, the membranebound NiFe-hydrogenases from, e.g., Rhodobacter capsulatus, Bradyrhizobium japonicum, Rhizobium leguminosarum, Azotobacter vinelandii, and Escherichia coli belong to one group (class I) of closely related hydrogenases (for reviews, see references 35 and 38) .
An approach to improve nitrogenase-dependent H2 photo-uptake activity. Therefore, we expanded the molecular analysis of H2 oxidation systems in photosynthetic bacteria to R. rubrum, an organism which has been successfully used in biotechnological studies on H2 photoproduction (24, 36, 39) . In this report we describe the isolation and partial genetic and physiological characterization of R. rubrum hup mutants. Our results indicate that the H2 oxidation system of R. rubrum is more complex than previously assumed and that very possibly at least two distinct hydrogenases are involved in H2 recycling.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains and plasmids used in this study are listed in Table 1 and described in the text. A spontaneous streptomycin-resistant mutant of R. rubrum (strain K100) was used for all conjugation experiments and as the wild-type control in comparative studies. E. coli strains were grown at 37°C either in LB medium (26) or on PA plates (17.5 g of Penassay broth [Difco] per liter, 1.2% agar). Stock cultures of R. rubrum were cultivated photosynthetically at 28°C in malate-ammonium sulfate minimal medium (RCVB medium) (37) . Antibiotic resistance was selected by using PY medium (20) solidified with 1.2% agar. Plates were incubated at 30°C aerobically in the dark or anaerobically in the light by using a GasPak jar (BBL Microbiology Systems Becton Dickinson). Nitrogenase derepression NIT medium is minimal medium with 7 mM L-glutamate substituting for (NH4)2SO4 and 50 mM L-lactate instead of malate. For derepression of uptake hydrogenase, HG medium (22) with 16 mM L-lactate and 9 mM (NH4)2SO4 was used. Nitrogenase-mediated H2 photoproduction of cells growing in NIT medium was analyzed as described previously (19) . Precultures were grown in the same media as experimental cultures. Antibiotics were used at the following concentrations (in micrograms per milliliter): for (25) . DNA isolation and standard genetic techniques. Large amounts of E. coli plasmid DNA were isolated by the lysozyme-sarcosyl method and purified through isopycnic centrifugation in CsCl-ethidium bromide gradients (2) . Total DNA of R. rubrum was isolated in the same way, except that shearing of DNA with a syringe was omitted. Small amounts of E. coli plasmid DNA were isolated by a rapid-boiling method (13) . A Geneclean Kit (Bio 101 Inc., La Jolla, Calif.) was used for the purification of DNA fragments separated on agarose gels. Agarose gel electrophoresis, restriction mapping, transformations, and cloning procedures were performed by standard techniques (26 Southern hybridization experiments with subcloned fragments from cosmid pHUl (12) and plasmid pAC76 (6) as probes. Probes P1 to P4 used in this study are outlined in Fig.1A . As an example, the result of two hybridization experiments with probes P1 and P3 is given in Fig.1B . A single 13-kb EcoRI fragment of R. rubrum total DNA strongly hybridized to the hup probe P1 (Fig. 1A) , which carries the hupSL genes and adjacent regions from B. japonicum. As shown in Fig.1B japonicum and Rhodobacter capsulatus (hup probes P1, P3, and P4 in Fig. 1A ) was found in a 3. (called hup region A in Fig. 2 Fig. 1A ), which contains regulatory (hoxXA) and accessory (hypDE) genes required for hydrogenase formation in B. japonicum (32) , hybridized to a second region (called hup region B in Fig. 2) Fig. IA . The uptake hydrogenase structural genes (probes P1, P3, and P4) hybridized to hup region A, which was localized in fragment El. Homology to regulatory/accessory hup genes from B. japotnicunz (probe P2) was found in fragments El (hap region B) and E2 (haip region C). mutations 30 and 83 mapped within hlap region B, which is localized about 4.5 kb from hlap region A.
A further Tn5 mutation exhibiting a Hup-phenotype (mutation 90 in Fig. 2 ) was mapped in a 2.4-kb EcoRI fragment (called E2). The cloned fragment E2 also hybridized to the 4.9-kb EcoRI fragment from pHU I (probe P2 in Fig. IA Fig. 3a and b) . As shown in Fig. 3c, a 4 .5-kb fragment of chromosomal R. rubnim DNA located between Tn5 insertions 15 and 30 was deleted by fusing plasmids pMK15X and pMK30X. The resulting EcoRl fragments carrying either insertions of nontransposable Tn5 derivatives or the 4.5-kb deletion were subsequently cloned into the suicide vector pWKRl02A, transformed into E. coli S17-1, and mated into R. rnbrum K100. Since pWKR102A does not replicate in R. rubntm, homogenotization (double-crossover recombination) of the corresponding mutations was selected by Kmr and test for loss of vector-encoded Gmr. Doublecrossover events were verified by Southern hybridization experiments (data not shown). According to this strategy, two stable R. rubrum mutant strains, designated K15 and K30, carrying an insertion in a region homologous to the structural hup genes (hup region A in Fig. 2 ) or in a fragment hybridizing to nonstructural hlap-specific sequences from B. japonicuan (hup region B in Fig. 2) , respectively, were isolated. In addition, a 4.5-kb fragment located between Tn5 insertions 15 and 30 ( Fig. 3c) was deleted, resulting in mutant strain K4A. As revealed by manometric measurements of H2 uptake activities and H2-dependent MB reduction assays, all halp mutants exhibited less than 5% of wild-type Hup activity. Photoheterotrophic growth of hup mutants in RCVB medium, as well as in hydrogenase and nitrogenase derepression media, was similar to that of the wild type (data not shown).
Comparative physiological studies on H2 photoproduction by wild-type and hup mutants of R. rubrum. H2 photoproduction of batch cultures grown in lactate-glutamate medium was analyzed. H2 production by the wild type has been shown to decline markedly in cultures older than 100 h and to disappear after 120 h. This is paralleled by a twofold increase in uptake hydrogenase activity (19) . In contrast, stationary-phase cultures of hup mutants continued to produce H2. Interestingly, two different phenotypes were observed for hup mutants as follows ( Fig. 4 (ii) Mutants K30 and K4A, respectively, produced H2 at significantly higher rates than K15 did. H2 production rates by stationary-phase cultures were about 22 ml of H2 h-' g (dry weight)-1 and thus were twice the rate observed with mutant K1S. In addition, during the first 5 days these mutants exhibited significantly increased H2 production rates (Table 2 ) and produced considerably larger amounts of H2 than did the wild type and mutant K1S (Fig. 4) . The high H2 production rates observed with mutants K30 and K4A were paralleled by increased H2 yields (Table 2 ). It is notable that H2 production by hup mutants continued at low rates even when lactate was exhausted, so that the total amount of H2 collected exceeded the theoretical maximum based on lactate consumption. A possible explanation for this observation is that glutamate, besides supplying nitrogen for growth, was converted into H,. Therefore, the theoretical amount of H2 related to glutamate dissimilation was subtracted from the measured volume of total H2 produced. By using this corrected value, an approximate lactate-related H2 yield was calculated (Table 2; see also Table 3 ).
In a previous communication we reported that the metal chelator EDTA stimulated H2 photoproduction of R. rubrum by (i) inhibition of the uptake hydrogenase as a result of a decreased Ni availability and (ii) increasing nitrogenase activity as a result of mobilization of iron (19) . To further characterize the H2 oxidation system operating in nitrogenase-derepressed cells of R. rubrum, we analyzed the effect of EDTA on H2 photoproduction by hup mutants. As reported for the wild type, the addition of 0.5 mM EDTA to lactate-glutamate medium significantly increased nitrogenase activities of all hup mutants (up to 120 mU mg of protein-') ( Table 3) . EDTAsupplemented cultures of the wild type and mutant K15 showed exactly the same kinetics of H2 production and produced a total amount of 6.8 liters of H2 per liter of culture, corresponding to an H2 yield of 73% (Table 3) . However, in comparison with the wild type and mutant K15, EDTAcontaining cultures of mutants K30 and K4A exhibited higher H2 production rates and yielded the highest levels of H2 (8.2 to 8.3 liters of H2 per liter) in long-term experiments (Table 3) .
DISCUSSION
The Tn5 mutagenesis system adapted here for R. rubrum was shown to be effective for the isolation of mutants impaired in their ability to oxidize H2. The Hup-phenotypes described in this study are characterized by the lack of H2-dependent reduction of MB and phenanzine methosulfate. By mapping the Tn5 insertions, two EcoRI fragments of 13 kb (called El) and 2.4 kb (called E2) carrying R. rubrum hup genes were identified. On the basis of hybridization experiments, three hup regions (regions A, B, and C in Fig. 2 ) homologous to genes involved in H2 metabolism of Rhodobacter capsulatus and B. japonicum were localized on these two fragments.
Homology to the hydrogenase structural genes hupSLM from Rhodobacter capsulatus and hupSL from B. japonicum found in hup region A of R. rubrum correlated well with the Tn5 insertion in position 15 (Fig. 2) (Fig. 2) . Recently, this fragment and an adjacent region of B. japonicum were sequenced and the genes hypD, hypE, hoxX, and hoxA were identified by homology to genes involved in H2 metabolism by E. coli, Rhodobacter capsulatus, Alcaligenes eutrophus, and Azotobacter vinelandii (32) . No distinct functions have yet been assigned to the hypD and hypE gene products, which are thought to be somehow involved in hydrogenase processing (14) . The hoxA gene product belongs to the NtrC family of transcriptional regulators, and it has been speculated that HoxX and HoxA may represent a two-component regulatory system (11) . The hoxA counterpart in Rhodobacter capsulatus (hupR,) is localized 5.3 kb downstream of the hupSLM operon and is also closely linked to hyp genes (7) . Since the aforementioned genes show a high degree of conservation in different species, it is assumed that the hup region B of R. rubrum might contain analogous regulatory or accessory genes, or both, required for H2 uptake activity. This assumption is supported by the characteristics of the corresponding hup mutants discussed below.
The use of cloned hup::TnS DNA allowed us to construct stable hup mutations (Fig. 3 (34) , it is therefore very likely that H2 oxidation by hydrogenase 1 is coupled to the photoreduction of CO2. In contrast to hydrogenase 1, hydrogenase 2 recycles H2 even when the organic substrate is present at high levels. The physiological function of this enzyme remains to be elucidated.
The highest average H2 yield from lactate (82%) was reached with mutants K30 and K4A, indicating that both mutants are devoid of hydrogenase 1 and hydrogenase 2. Since the deletion mutant K4A and the insertion mutant K30 exhibited the same phenotype, it is reasonable to suggest that a gene located in R. rubrum hup region B is responsible for both hydrogenases. While definitive assignation of a pleiotropic hup gene in R. rubrum awaits further characterization, it is notable that in Alcaligenes eutrophus the expression of two distinct hydrogenases which differ in cellular location, subunit composition, and cofactor content is regulated by the hoxA gene product (9) . Furthermore, hypD and hypE are required for the formation of all three hydrogenase isoenzymes in E. coli (14) .
Additional support for the existence of two distinct hydrogenases in R rubrum is provided by results of experiments on H2 production by EDTA-supplemented cultures (Table 3 ). In the presence of EDTA, H2 production by mutant K15 was comparable to that by the wild type. This confirms our previous observation that EDTA completely inhibits synthesis of the Ni-dependent uptake hydrogenase in R nrbrum (22) . The increased H2 production by EDTA-supplemented cultures of mutants K30 and K4A may indicate that hydrogenase 2 does not depend on nickel. Whether this enzyme belongs to the group of Fe hydrogenases remains to be investigated. These assumptions predict hydrogenase 2 activity in nitrogenasederepressed cells of mutant K15. However, we failed to detect MB-and phenazine methosulfate-linked Hup activity in this mutant. This may be due to a poor affinity of the enzyme to the electron acceptors used or to a high oxygen sensitivity which has been reported for Fe hydrogenases isolated from strictly anaerobic bacteria (1, 10) .
During this work on R. rubrum, a hupL mutant of Rhodobacter capsulatus was isolated by interposon mutagenesis (15) . In agreement with our results on H2 production by R. rubrum, it was shown for Rhodobacter capsulatus that by using hup mutants the efficiency of H2 production could be significantly increased. However, the H2 yield reported for the Rhodobacter capsulatus hupL mutant (15) was in the range of that obtained with mutants K30 and K4A of R. rubrum. This may indicate that in contrast to R. rubrum, Rhodobacter capsulatus does not possess an additional H2 oxidation system.
